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Driver’s SeatA recent study reports a novel and conserved function for the I-BAR protein
MIM in guiding cell migration: MIM has an anti-endocytic activity that
moderates intracellular signalling of guidance cues by sequestration of
cortactin.Ve´ronique Van De Bor
and Ste´phane Noselli*
Guided cell migration is essential
during embryonic development for
tissue morphogenesis, as well as in
the adult for wound healing and the
immune response [1–3]. Directed
migration requires accurate reading of
external guidance signals, but it is not
yet clear how cells can sense variations
in surrounding guidance cues and
rearrange their cytoskeleton to adjust
the direction in which they are
migrating. It has been proposed that
cell steering depends on polarized
endocytosis of guidance receptors
leading to the formation of a front and
a rear in migrating cells [4,5]. One of the
main challenges in the field is to identify
regulators of endocytosis that are
responsible for such spatial restriction
of intracellular signalling. In a recent
study published in the Journal of
Cell Biology, Quinones et al. [6]
demonstrated that the inverse Bin/
Amphiphysin/Rvs (I-BAR) protein
missing-in-metastasis (MIM)
orchestrates directional migration
through an anti-endocytic function.
This study provides the first
mechanistic link between a member
of the I-BAR protein family and directed
cell migration.
The BAR protein family is involved
in endocytosis and vesicle trafficking
in all eukaryotes. BAR proteins carrya crescent-shaped BAR domain, which
is involved in membrane bending and
curvature stabilisation through specific
lipid interactions. Binding of BAR
proteins to membranes triggers the
assembly of protein complexes that
promote actin cytoskeleton assembly
near vesicles, thus positively regulating
endocytosis [7]. MIM belongs to a
new subgroup of the BAR family,
characterised by the presence of an
IRSp53-MIM homology domain (IMD)
or inverse BAR (I-BAR) domain, which
displays an inverted, convex shape.
This reversal of the conformation of
the BAR domain in I-BAR proteins is
thought to provide an antagonistic
activity towards BAR proteins during
endocytosis [8–11]. To elucidate the
role of MIM, Quinones et al. [6]
combined analysis of fibroblasts in
culture with analysis of the migration
of border cells in Drosophila ovaries.
Border cells undergo directional
migration through two guidance
receptor tyrosine kinases, the
Drosophila EGF receptor (DER) and
the PDGF/VEGF-like receptor (PVR)
[12–17]. The authors first
demonstrated, using lipid vesicle
co-sedimentation assays, that
vertebrate MIM and its Drosophila
orthologue dMIM have conserved
lipid-binding properties. They next
quantified the rate of transferrin or EGF
internalisation and recycling in cultured
fibroblasts, as well as lipophilic dyeuptake in live border cells. These
experiments showed that alteration
of MIM function increases endocytosis
and the duration of EGF signalling.
Remarkably, live-imaging experiments
revealed that the absence of MIM is
associated with impaired directional
migration in response to guidance
cues. These findings suggest that MIM
regulates guided cell migration through
its ability to inhibit receptor-mediated
endocytosis and therefore controls the
capacity of cells to sense directional
migratory cues.
To unravel the mechanism by which
MIM steers migrating cells, Quinones
et al. [6] combined biochemical and
genetic approaches. Using pull-down
and co-immunoprecipitation assays
they found that MIM directly binds
cortactin, a conserved cortical
actin-binding protein that promotes
polymerisation and rearrangement of
the actin cytoskeleton at the membrane
for the formation of lamellipodia,
invadopodia and endocytic vesicles
[18,19]. Cortactin is a major substrate
of the Src tyrosine kinase and previous
studies showed that mutation of either
src or cortactin leads to defects in
border cell migration; however, it was
not clear how Src or cortactin regulate
directional movement [20].
Interestingly, cortactin is also part of
the pro-endocytic complex assembled
by the BAR family protein endophilin
and its binding partner CD2AP [19].
Quinones et al. [6] provide genetic
evidence that the pro-endocytic
CD2AP–endophilin complex acts
antagonistically to MIM, both in
fibroblasts and in border cells. Indeed,
upon EGF stimulation of fibroblasts,
MIM competes with CD2AP–endophilin
for cortactin binding, as revealed by
the kinetics of cortactin association
with vertebrate MIM or the
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Figure 1. Schematic representation of MIM’s anti-endocytic function.
MIM is able to bind cortactin in the presence of high EGF concentrations, thus inhibiting
receptor (EGFR) endocytosis and signalling. In the absence of MIM, endocytosis is enhanced
due to the formation of the cortactin–CD2AP–endophilin complex, which stimulates actin
polymerisation next to the growing vesicle.
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R607CD2AP–endophilin complex. Hence,
the molecular basis for endophilin/BAR
and MIM/I-BAR antagonism involves
the sequestration of cortactin by
MIM/I-BAR, which inhibits endocytosis
and dampens EGF signalling (Figure 1).
This antagonistic interaction is further
supported by the striking observation
that removal of both cortactin and
MIM restores normal EGF uptake and
migration, both in vivo and in vitro. It
suggests that competition of MIM and
CD2AP for cortactin is a redundant
regulatory mechanism involved in the
control of guided migration. The
molecule(s) that may replace MIM and
cortactin for normal endocytosis thus
remain to be identified.
It may seem rather paradoxical that
proper directed migration requires
inhibition of endocytosis in the
presence of high ligand concentration.
A possible explanation would be that
MIM’s anti-endocytic function is
required to moderate the general level
of guidance signalling and keep it in a
functional range; this would prevent
cells from hesitating about the direction
to follow and from eventually arresting
their migration, as observed in mim
mutants. In particular, this mechanism
would be crucial during the migration of
cells through a gradient of increasing
concentration, for example, in border
cell migration.
Migrating cells have to become
polarised with a specific distribution
of activated receptors at the front
and the rear of the cell that has to be
maintained or modified according
to changes in guidance cues. In the
absence of dMIM, polarised
localisation of activated receptors is
lost in early border cells, suggesting
that MIM plays a role in establishing
the initial cellular asymmetry. However,
it remains unclear whether MIM is
involved in the maintenance of polarity
during migration or whether it acts
globally on the level of guidance
receptor signalling (see above). Future
works will have to determine whether
MIM has a polarised intracellular
localisation and/or activity in migrating
cells. Another important question
concerns the mechanisms that set a
clear boundary between the rear and
the front domains of the cell, spatially
restricting endocytic activity and
signalling.
Studies carried out in both
unicellular (mammalian culture cells,
Dictyostelium) and multicellular
organisms converge toward thefollowing model: local endocytosis
or recycling of guidance receptors
amplifies the intracellular response
to guidance cues and contributes to
the focal activation of cytoskeleton
regulators such as Rac1 [4]. This allows
non-motile cells to extend cellular
protrusions and become migratory.
Quinones et al. [6] provide another level
of sophistication by showing that
inhibition of endocytosis through MIM
is also important to control the cellular
response to guidance cues, suggesting
that a balance between pro- and
anti-endocytic activities is essential
for polarised signalling. Surprisingly,
MIM’s regulation does not seem to
be acting through cytoskeleton
rearrangement, even though
BAR-domain proteins, including MIM,
were found to induce the formation
of membrane protrusions in cell
culture [8]. Overexpression of MIM in
Drosophila S2 cells induces dramatic
actin reorganisation and cellular
extensions, but no role was found for
MIM in filopodia formation in border
cells [6], raising the question of the
physiological significance of MIM’s
role in actin polymerisation during
migration.
Importantly, Quinones et al. [6] found
that MIM has a general and conserved
function, as it is involved in the
migration of different cell types,including border and primordial germ
cells, in response to different guidance
cues. In addition, MIM was originally
identified as a gene whose expression
is downregulated in a variety of
metastatic cells, suggesting that the
mobility of diverse migratory cells
could similarly involve MIM and
regulated endocytosis. It is likely that
guidance of cell migration will show
some mechanistic similarities with
neuronal growth, as some guidance
cues are used both for axon
pathfinding and for cell migration.
Given the apparent diversity of directed
cell migration [3], it is important to
identify unifying mechanisms, like
this one involving MIM, as these will
facilitate our understanding of how
cells are steered through their complex
environment during development
and in human diseases, such as
neurological and immune disorders
or cancer metastasis.
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The Nutrient-Sensing AKT and TOR
Pathways Make the LinkHow do organisms sense metabolic and nutrient status to set their biological
clocks? The significance of recent work showing that nutrient-sensing
pathways influence central circadian clocks in Drosophila is discussed.Jadwiga Giebultowicz1
and Pankaj Kapahi2
The most remarkable discovery
providing a basis for molecular
chronobiology was the realization that
organisms display rhythms in various
processes — from leaf movement to
sleep/activity cycles — when placed for
an extended amount of time at constant
temperature and in constant darkness
(DD). Continual automatic recording of
activity in insects and mammals in
DD allows precise measuring of the
free-running period of an internal
oscillator. Suchperiodsare usuallyclose
to 24 hours, but not exactly 24 hours,
demonstrating that endogenous
mechanisms are at work that can be
uncoupled from entrainment by the
external light–dark cycles.
The free-running feature of circadian
rhythms was ingeniously used in
a screen which led to discovery of the
first clock gene, named period (per) in
Drosophila melanogaster. The gene
name reflected the fact that thehypomorphic alleles of per recovered
in this screen resulted in significant
shortening (19 hours) or lengthening
(28 hours) of the circadian period, and
that a null allele abolished rhythms
altogether [1]. Since then, mutagenesis
followed by monitoring of changes in
free-running rhythms under DD offered
remarkable insights into the genetic
mechanisms of the circadian clock.
It led to the discovery of both ‘core’
clock genes and the post-translational
modifiers of core clock proteins that
affect their phosphorylation status
and stability [2]. Importantly, genes
encoding core clock components and
their modifiers are conserved between
Drosophila and mammals such that
data obtained in one system provide
insight into the other [3].
Circadian clocks are generally linked
with daily rest/activity cycles, though
it is becoming increasingly clear that
clocks have their ‘hands’ in a myriad of
metabolic and other cellular functions
[4,5]. Genome-wide circadian
expression profiling studies haveuncovered potential connections
between circadian clocks and many
aspects of metabolism, including
energy, carbohydrate, amino acid,
lipid, and protein metabolism, as well
as detoxification [6,7]. Furthermore,
central clocks in the nervous system
(the suprachiasmatic nucleus in
mammals and a network of lateral
and dorsal neurons in flies), which
generate sleep/activity rhythms,
express different clock-controlled
genes than peripheral clocks in organs
such as liver or kidney. The importance
of both central and peripheral clocks
in generating biological rhythms and
their interactions with tissue-relevant
signaling is increasingly evident [8].
Given that the network of circadian
clocks modulates various biological
processes it is of no surprise that
disruption of circadian clocks leads
to impaired health and is a risk factor
for many diseases [8,9].
Intuitively, one of the functions of
biological clocks would be to adjust
feeding time in accordance with the
anticipated availability of resources
in an organism’s ecological niche. It is
thus unsurprising that nutrients can
also provide powerful entrainment for
peripheral circadian clocks, especially
in the liver [10]. Can metabolic and
nutrient status influence central
biological clocks? A study in
Drosophila published in a recent
issue of Current Biology by Zheng
and Sehgal [11] answers the question.
